In this paper, I review recent advances in research on Japanese pear rootstocks. Several clones of Pyrus betulaefolia and P. calleryana seedlings have been identified based on their ability to induce dwarfing scion growth, and their use in the future as dwarfing rootstock is anticipated. Among the various rootstock species, P. betulaefolia exhibits good adaptability to different environmental conditions, with high tolerance to drought, cold, and salt. This is due, in part, to P. betulaefolia's superior ability to regulate osmotic potential and ability to maintain a high degree of unsaturation in fatty acids in biological membranes during cold hardening. P. calleryana exhibits not only a relatively high drought tolerance but also the highest flood tolerance. This tolerance depends on the ability of P. calleryana to shift to alcohol fermentation under anaerobic conditions and to expel the ethanol thus generated. These two rootstock species are highly effective in preventing fruit-hardening disorders. While P. betulaefolia exhibits high salt tolerance among native Asian Pyrus species, it is exceeded in this respect by two native Mediterranean species, P. amygdaliformis and P. elaeagrifolia, with a mechanism to inhibit the transport of salts from the roots to above-ground plant parts. Furthermore, P. xerophila exhibits superior Fe 3+ -chelate reductase activity in roots, endowing the species with tolerance to alkaline soils.
Introduction
The importance of rootstock in fruit cultivation has been noted previously by numerous researchers. In addition to conferring environmental adaptation and resistance to insect damage, rootstock can greatly influence traits such as susceptibility to physiological disorders and tree size. The majority of pear rootstock research conducted outside of Japan, reviewed comprehensively by Lombert and Westwood (1987) and Bell (1991) , has focused on the European pear (Pyrus communis L.). Among this research, the practice of using of quince (Cydonia oblonga Mill.) as dwarfing rootstocks along with 'Old home' or 'Old home' × 'Farmingdale' 51 as interstock has perhaps had the greatest impact on pear cultivation (Parry, 1981; Tukey, 1978; Wertheim, 2002) . In addition, this research has yielded significant advances in our understanding of resistance to diseases such as fire blight and pear decline (Lombard and Westwood, 1987; Wertheim, 2002) .
Although commercial pear production in Japan began in the 1700s, the practice of grafting for propagation using rootstocks was common before then (Kajiura, 2008; Tamura, 2006 ). Yet, prior to the 1940s, information on Japanese pear rootstocks was limited (Kikuchi, 1948; Noro, 1938 ) to a single report by Nishimura and Kishimoto (1946) . Since then, research has revealed that a physiological disorder hard-end ("Ishinashi" or "Yuzuhada") is closely related to rootstock drought and flooding tolerance and mineral uptake (Hayashi, 1955; Hayashi and Wakisaka, 1956; Inose et al., 1976; Kawamata, 1978a Kawamata, , 1978b Kawamata, , 1979 Shiobara et al., 1991; Tanabe and Hayashi, 1982; Tanabe et al., 1977 Tanabe et al., , 1978 . At the same time, the area under Japanese pear cultivation overseas has rapidly increased in recent years; this trend is particularly dramatic in China (Gemma, 2008; Wei and Honshen, 2002) , Korea (Gemma, 2008; Lee and Hwang, 2002) , and East Asia (Matsumoto, 2006) as a whole, but also extends to regions such as Oceania (White, 2002) and South America (Faoro, 2002) . Thus, the importance of rootstocks is on the rise. In recent years, significant advances have been made, based primarily on research conducted in Japan, in our understanding of the tolerance of Japanese pear rootstock to a variety of environmental stresses, the underlying physiological mechanisms, and the physiological contribution of roots. In this paper, I review advances in our knowledge resulting from this recent research.
Research related to rootstock propagation
Up to now, rootstock for Japanese pear cultivation has primarily been propagated from seedlings (Tamura, 2006) . The common practice has been to sow seed, mostly of semi-wild type of Japanese pear, and to use the resulting trees as rootstock. As described in greater detail below, P. betulaefolia and P. calleryana exhibit superior adaptation to various environmental conditions in comparison to Japanese pear and, in recent years, have increasingly been used as rootstock propagated from seedling (Tamura, 2006) . Some research has been conducted to identify and propagate superior rootstock species or strains using clonal propagation (Banno et al., 1986; Jones and Webster, 1989; Sato and Hosoe, 1998) . This involves propagation from cuttings, which is known to be relatively difficult in Pyrus species (Sato and Hosoe, 1998) . Banno et al. (1986) employing similar methods to promote rooting, observed variability in rooting among rootstocks and demonstrated that the rooting ability of shoots harvested from seedling plant increases with seedling its juvenility. Lane (1979) , Bhojwani et al. (1984) , and Banno et al. (1988 Banno et al. ( , 1989 developed an in vitro method for mass propagation of Japanese pear varieties and rootstock species. In addition, Matsumoto et al. (2007) reported on practical implementation of in vitro propagation of pear rootstocks in Niigata, Japan.
3. Effect of rootstock on scion growth, productivity and fruit quality
Recent research of rootstocks in grapevine (Motosugi et al., 2007) and Japanese persimmon (Koshita et al., 2007; Tetsumura et al., 2010) showed an ability of dwarf tree culture for these fruit trees. However, the least studied aspect of Japanese pear rootstock is the impact of rootstock on plant growth, productivity, and fruit quality. While Westwood (1978) previously demonstrated that the difference in the degree of dwarfing of European pears varies by rootstock, the only research clearly suggesting in Japanese pear rootstock is that of Robbani et al. (2006a, b) . They propagated P. betulaefolia and P. calleryana seedlings exhibiting marked dwarfism and grafted Japanese pear onto them. By comparing tree volumes after pruning trees to an almost natural shape, they identified several individual clones exhibiting dwarfism. Tamura et al. (2000) investigated the potential of Japanese pear cultivation using quince/'Old Home' as rootstock and discovered that while the fruit quality in the 2 nd through 4 th year of cultivation exceeds that of trees using P. betulaefolia rootstock, their drought tolerance and fruit size is inferior.
Although dwarfing rootstocks are well used in many fruit trees, the physiological mechanism is not well understood. Several hypotheses have been proposed such as: altered morphology at the graft union restricting the translocation of water or nutrients (Atkinson et al., 2003 ; Fig. 1 . Pyrus species for Japanese pear rootstock in Japan. Soumelidou et al., 1994) and plant hormones, auxin and cytokinin (Kamboj et al., 1997) . Tamura et al. (2000) found photosynthesis of the dwarfed Japanese pear tree on the quince/'Old Home' rootstock significantly lower than that on P. betulaefolia rootstock during Mid-day in summer due to the water deficiency caused by lower water uptake from root system. Additionally, Moore (1986) and Tamura et al. (2000) noted out that prunasin, a cyanogenic glycoside, ascended from quince to pear inhibits a respiration of pear organs and reduces its growth. These results may be also the dwarfing mechanisms of quince rootstock in addition to above mentioned hypotheses.
Research on Environmental Adaptability
As mentioned earlier, Pyrus species are distributed widely across Eurasia and northern Africa. Perhaps for this reason, we observe wide variation across species, not only in terms of morphology but also in terms of adaptability to different environmental conditions. Thus, when selecting a rootstock, it is necessary to carefully consider the environment of the region as well as the specific orchard in which the pears will be cultivated. Below, I introduce research on rootstock adaptability to various environmental conditions.
1) Research on drought tolerance
A recent study on Japanese apricot (Prunus mume Siebold & Zucc.) showed drought stress damaged not only shoot and fruit growth but also reduced reserve starch in the tree that will be used for the resumption of the next spring (Tsuchida et al., 2011) . In Japanese pear, drought tolerance is also one of the most important characters for productivity of fruit. It also closely related to the development of physiological disorders, such as hard-end of European pear and "Ishinashi" or "Yuzuhada" of Japanese pear (Hayashi, 1955; Hayashi and Wakisaka, 1956 ) caused by drought stress. Japanese pear fruit, while rarely developing physiological disorders, are highly sensitive to drought stress (Hayashi, 1955; Hayashi and Wakisaka, 1956 ). For example, drought stress markedly reduces photosynthesis rate (Tamura, 1998; Teng et al., 1999) and deterioration of fruit texture as shown in Table 1 due to increase of stone cells (Lee et al., 2006) and cell wall thickness (Hayashi and Wakisaka, 1957) . Tanabe et al. (1977 Tanabe et al. ( , 1978 , Tanabe and Hayashi (1982) , and Kawamata (1978a Kawamata ( , b, 1979 showed that a low Ca and the high K and Mg contents in the fruit pulp due to a water deficiency also increase a flesh hardness. It has previously been reported that, among rootstock species, P. betulaefolia is the most drought tolerant, followed by P. calleryana, while P. pyrifolia is not tolerant (Bell, 1991; Matsumoto, 2006; Westwood and Lombard, 1983) as shown in Figure 2 . Therefore, P. betulaefolia and P. calleryana rootstocks clearly reduce the occurrence of "Yuzuhada" disorder of 'Nijisseiki' pear fruit (Table 1 ). In addition, species such as P. xerophila, P. amygdaliformis, and P elaeagrifolia, native to arid regions, are also highly drought tolerant (Bell, 1991; Matsumoto, 2006) .
Of the three key factors related to drought tolerance F. Tamura   4 in plants identified by Turner (1986) , dehydration postponement and dehydration tolerance are most relevant to fruit trees. While root system depth is one of the key determinants of dehydration postponement, variability of this trait among rootstock species, as mentioned above, is unknown. The second key factor related to drought tolerance, dehydration tolerance, depends primarily on osmoregulation. The previously mentioned high drought tolerance of P. betulaefolia has been shown to depend on its low osmotic potential (Hayashi, 1955; Matsumoto et al., 2006a, b) . In general, accumulation of compatible solutes including amino acids and saccharides can increase drought or cold tolerance by regulating osmotic potential (Clifford et al., 1998; Morgan, 1984) . However, it remains unknown what solutes are involved in the physiological osmoregulation of pear rootstock species. Sorbitol is one of the major saccharides in pear plants, thus its metabolism (Yamaki, 2010) may play an important role in the osmoregulation in pear rootstocks.
2) Research on flood tolerance Pyrus species are classified as some of the more floodtolerant species among fruit trees (Bell, 1991; Tamura, 2006) . The key factors of flood tolerance include tolerance by the plant respiratory system to stress under hypoxic conditions, tolerance to growth inhibitors such as iron oxides and methane generated under anoxic conditions, and, as seen in mangroves, the differentiation and development of adventitious roots from trunk regions that are in nearly aerobic environments (Rowe and Beardsell, 1973) . It has previously been reported that varieties native to Asia exhibit high flood tolerance, P. calleryana being the most flood tolerant among these (Bell, 1991; Tamura et al., 1995) . In contrast, cultivated pear species as well as large-fruit Pyrus species and species native to arid regions in particular, exhibit low flood tolerance (Bell, 1998) . Tamura et al. (1995) and Tamura (1998) subjected seedlings of various Pyrus species to flood conditions and compared leaf wilt, growth of new shoots, and triphenyl tetrazolium chloride (TTC) reducing capacity of roots (Fig. 3) . After several weeks of flood conditions, P. pyrifolia and P. dimorphophylla exhibited severe stunting and decreased root activity, whereas several strains of P. calleryana and P. fauriei Schneid. exhibited minimal above-ground damage and maintained high levels of activity (Fig. 3) . Robbani et al. (2006b) demonstrated that rootstock species capable of surviving long periods of flood conditions developed adventitious roots at the water line. Tamura et al. (1996b) found that flooding caused an increase in above-ground 1-aminocyclopropane-1-carboxylic acid (ACC) content and ethylene production in pear rootstocks seedlings; it is, thus, believed that production of ethylene as a result flood stress induces the development of adventitious roots as reported in the other higher plants (Bradford and Dilley, 1978; Bradford and Yang, 1980; Kawase, 1976; Rowe and Beardsell, 1973) .
The ability of a plant respiratory system to deal with hypoxic conditions is an important factor in tolerance to relatively short-term flooding events. In several strains of P. calleryana, which exhibits high flood tolerance, Tamura et al. (1996b) observed that the increase in alcohol dehydrogenase (ADH) activity was accompanied by a marked increase in alcoholic fermentation and suggested that the ethanol generated was excreted by the roots (Fig. 4) . In other words, there exists an alcohol fermentation pathway capable of producing ATP even under hypoxic conditions (Brown et al., 1976; Crawford, 1967) , and homeostasis is maintained by excreting the ethanol thus generated into the environment (Fig. 4) . Another characteristic of the respiratory systems of species with high flood tolerance is that they generate new mitochondrial particles under flood conditions, enabling plants to maintain root activity (Tamura et al., 1996a) . Anoxic conditions induce higher production of cyanide in peach and other members of the genus Prunus (Mizutani et al., 1977 (Mizutani et al., , 1985 (Mizutani et al., , 1988 , and this phenomenon is also seen in the pear roots (Tamura et al., 1995) , which belongs to the same family, Roseaceae. In pears, the increase in mitochondrial numbers increases tolerance to cyanide occurred in the root of flooding tolerant rootstocks (Tamura at al., 1996a) .
3) Research on salt tolerance
Among higher plants, few fruit trees species exhibit high tolerance to salt stress (Bernstein, 1965) . According to McKersie and Leshem's (1994) classification of fruit trees by salt tolerance, deciduous members of the family Roseaceae native to temperate regions, such as pear, apple, and peach, are significantly less salt tolerant than plants such as olive, pomegranate, fig, and grape. Myers et al. (1995) provided a scientific analysis of the severe damage due to salt stress of European pear cultivated in the pear-growing regions of Australia and the Malay river basin. According to their report, the increasing salt concentration of irrigation water resulted in yield decline 
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and eventually wilting and death. One path by which salt damages plants involves a decline in the osmotic potential of soil water due to high salt concentration, which decreases a plant's ability to absorb water and, in turn, reduces the rate of photosynthesis due to reduced stomatal aperture and, eventually, stunts growth (Hasegawa, 2002; McKersie and Leshem, 1994) . In addition, the absorbed Na + and Cl − ions, for the most part, accumulate in leaf cells; the resulting physiological damage leads to a decline in the homeostasis and, eventually, death of leaf cells (Hasegawa, 2002; Munns, 2002) . Attempts have previously been made to increase the salt tolerance of cultivars by the rootstocks of citrus (Storey and Walker, 1999) , avocado (Mickelbart and Arpaia, 2002) , and grape (Gibberd et al., 2003) . These tolerant rootstocks reduced the amount of Na + and Cl − accumulated in leaves. Okubo and Sakuratani (2000) subjected P. pyrifolia and P. calleryana to salt stress and observed that leaves began to exhibit damage or necrosis when Na + and Cl − concentrations exceeded 0.4% to 0.6% and 1.4% (dry weight basis), respectively. In a series of studies, Matsumoto et al. (2006a Matsumoto et al. ( , b, 2007 Matsumoto et al. ( , 2008 ) irrigated Japanese pear and major wild species used as Japanese pear rootstock with solutions containing a range of concentrations of NaCl and compared plant growth, damage, and Na + and Cl − concentrations, as well as water potential and photosynthesis rate. First, Matsumoto et al. (2006a) found that, regardless of the rootstock salt tolerance, damage was initiated at the same concentrations of leaf Na + and Cl − as reported by Okubo and Sakuratani (2000) . Among pear rootstock species native to Asia, Matsumoto et al. (2006a Matsumoto et al. ( , 2008 identified P. betulaefolia, which they subjected to 200 mM of NaCl solution for over a month without observing any damage to the leaves, as being most salt tolerant, followed by P. dimorphophylla, and reported P. xerophila, P. pyrifolia, and P. calleryana as exhibiting extremely low salt tolerance in comparison (Fig. 5) . In addition, they demonstrated that P. amygdaliformis and P. elaeagrifolia, native to the Mediterranean region, have even higher salt tolerance than P. betulaefolia (Matsumoto et al. 2006b ). Over this series of investigations, although treatment with NaCl decreased photosynthesis rate in all rootstock species due to a decline in water potential, variability in growth and severity of damage could not be explained by these changes (Matsumoto et al., 2006a) . Furthermore, while no differences among rootstock species were observed in the Na + and Cl − concentrations in rootlets, leaf concentrations of both ions remained low in rootstock species with high salt tolerance. From these results, it is believed that the variability in salt tolerance of pear rootstock depends on a mechanism related to the blockage of ion transport between root and above-ground plant parts (Matsumoto et al., 2006a (Matsumoto et al., , b, 2007 .
4) Research on alkali and acid tolerance
Some Pyrus species native to semi-arid regions shows exhibit high alkali tolerance (Bell, 1991; Ma et al., 2005) . While P. betulaefolia's high drought and salt tolerance, discussed previously, makes it desirable for use as a rootstock in semi-arid regions, it exhibits low tolerance to alkaline soil conditions (Ma et al., 2005) . As demonstrated by Ma et al. (2005 Ma et al. ( , 2006 , the greatest problem associated with alkaline soils is the inhibition of Fe-uptake. Interestingly, despite being the same cultivar, the Japanese pear exhibits lower alkali tolerance Vertical bars indicate SD.
F. Tamura   6 than the Chinese pear; furthermore, when using P. betulaefolia as rootstock, in contrast to the Chinese pear, which rarely develops chlorosis, the Japanese pear rapidly develops severe chlorosis when soil pH is raised to 8 (Ma et al., 2005) . According to Ma et al. (2005 Ma et al. ( , 2006 , the superior root growth of 'Mu-Li' (P. xerophila) in highly alkaline soils depends on the high Fe
3+
-chelate reductase activity of the roots, which enables normal levels of Fe-uptake to be maintained even under alkaline conditions. Given its ability to sustain reasonable growth even in soils with a pH in the order of 8, the use of P. xerophila as a rootstock may be desirable in semi-arid regions.
Both the Japanese pear and Sa-Li (P. pyrifolia), which belongs to the same species (Challice and Westwood, 1973; Teng et al., 2002) and originates in southern China (Rubtsov, 1944; Jang et al., 1991) occur naturally in monsoon regions that experience high levels of annual precipitation and are suited to acidic soils as they are highly tolerant of such soils. This, combined with the ability to amend soils with phosphorus, explains why production of Japanese pear has flourished in the strongly acidic andosols found in the Kanto and Sanin regions in Japan (Tamura, 2006) .
5) Research on cold tolerance
P. betulaefolia is believed to be the most cold-tolerant Pyrus species and, according to Liao et al. (1997b) , is able to tolerate temperatures up to −45°C after cold hardening. Sun et al. (1987) recorded in North China that among pear cultivars, European pear (P. communis) is most cold tolerant, followed by 'Qiuzili' (P. ussuriensis), 'Baili' (P. bretschneideri), and Japanese pear (P. pyrifolia) is among the least tolerant species. The majority of research on the cold tolerance of plants has focused on the regulation of cell permeability and fatty acid composition of biological membranes (Liao et al., 1996 (Liao et al., , 1997a Wang and Faust, 1990 ) and physiological osmoregulation (Hasegawa, 2002) . P. betulaefolia's high cold tolerance may depend on its lower osmotic potential as described above. Liao et al. (1997b) conducted experiments with a variety of pear rootstocks and demonstrated that cold hardening of P. betulaefolia dramatically increased the unsaturated fatty acid composition of biological membrane lipids. Matsumoto et al. (2010) revealed that heavy application of nitrogen fertilizer in the fall prevented increase in the unsaturated fatty acid composition of lipids and dramatically decreased cold tolerance of Japanese pear cultivars in winter. Honjo (2007) predict that global warming will be accompanied by a delay in the breaking of dormancy in Japanese pears. Yamamoto et al. (2010) showed the floral primordia necrosis is occurred by the lack of chilling in Japanese pear 'Hosui'. Furthermore, given that dormancy is initiated by cold temperatures and not day length, as demonstrated by Takemura et al. (2011) , it is expected that the onset of dormancy will be delayed due to higher fall temperatures and that this will further delay the breaking of dormancy. Therefore, breaking agents of bud dormancy for Japanese pear as reported by Tamura et al. (1993) must be developed in the near future. This problem affects not only scion or bud but also root or rootstocks as below mentioned. Werner (1984, 1985) and Young et al. (1987) have demonstrated in experiments on apple that resumption of root growth in spring also need cold accumulation during winter as well as bud. Westwood and Chestnut (1964) reported inadequate chilled 'Bartlett' pear trees grown on P. calleryana having low chilling requirement showed normal bud break but that on high chilling required P. communis could not grow normally. In grapevine, it has been shown that if scions are kept insufficiently cold, high root activity obtained by soil heating may result in breaking of scion dormancy (Kubota et al., 1987) . Thus further validation of this hypothesis is necessary by identifying rootstock having low chilling requirement 7 and high root activity even in cold soil temperature. Cyanide resistant respiration chain shows higher respiration rate than normal one under a low temperature condition (Cole et al., 1982) . As shown in this paper, P. calleryana has an active cyanide resistant respiration chain, and it grow earlier under a low temperature than the other pear species (Cole et al., 1982) . Thus, P. calleryana should be a more important rootstock for Japanese pear in the near future. As discussed above, the most effective means for avoiding "Yuzuhada" is to employ P. betulaefolia or P. calleryana as rootstock. The problem of water core disorder, seen in varieties such as 'Hosui', has been shown by Kajiura et al. (1976) , Sakuma et al. (1998) , and Tamura et al. (2003) to be related to the accumulation of polysaccharides in cell walls or the Ca deficiency of cell wall components. As such, it is assumed that the onset of the disorder depends on the ability of rootstock to take up Ca; however, this causal relationship has not yet been demonstrated. Furthermore, hitherto unknown flesh disorders have appeared one after the other in recently developed 'Oushuu' and 'Akizuki' varieties (Nakamura, 2011) . While it is believed these disorders result, in part, from the maladaptation of the rootstock to the environment, evidence for this assumption remains limited, and further investigation is warranted.
Future directions in pear rootstock research
Molecular aspects for environmental stress such as drought, flooding, or salinity in higher plants have been developing in recent years, but few studies have been performed on pear rootstocks from this point of view. Nakajima et al. (2008) demonstrated that the environmental tolerance of grapevine rootstock could be readily enhanced using transgenic methods; empirical validation of their results is anticipated. Further research is needed on the problems mentioned in this paper using molecular biological methods.
One of the greatest challenges facing the Japanese pear industry today is white root rot. The host range of this disease spans numerous genera, and it is believed that no resistant rootstock variety exists. However, as there may be rootstock strains that are less susceptible to this disease, their identification is of great urgency.
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